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Accurate simulation of pellet implosions for direct drive inertial confinement fusion requires
benchmarking the codes with experimental data. The Naval Research LabgN®Riryhas begun

to measure the absolute intensity of radiation from laser irradiated targets to provide critical
information for the radiatively preheated pellet designs developed by the Nike laser group. Two
main diagnostics for this effort are two spectrometers incorporating three detection systems. While
both spectrometers use 2500 lines/mm transmission gratings, one instrument is coupled to a soft
x-ray streak camera and the other is coupled to both an absolutely calibrated Si photodiode array and
a charge coupled devi¢€CD) camera. Absolute calibration of spectrometer components has been
undertaken at the National Synchrotron Light Source at Brookhaven National Laboratories.
Currently, the system has been used to measure the spatially integrated soft x-ray flux as a function
of target material, laser power, and laser spot size. A comparison between measured and calculated
flux for Au and CH targets shows reasonable agreement to one-dimensional modeling for two laser
power densities. €2001 American Institute of Physic§DOI: 10.1063/1.1412862

I. INTRODUCTION mental setup and the data obtained. In addition, we present a
brief comparison of the spectroscopic observations with the

Production of x-ray emission from laser irradiation has SR X ! §
ctral distributions predicted by the simulations.

been a vital area of research in laser-plasma physics and fGP€ . ; ,
the inertial confinement fusiodlCF) community™? Soft Transmission grating spectrometers have been built for

x-ray radiation is a key to the radiatively preheated pellef?0th astrophysical and laboratory observgﬂ%ﬁé.Ad_vgn- _
design proposed by the Nike laser group as a viable scenarf§9€s of this type of instrument include its simplicity, its
for direct drive ICF In this design, an early foot of the laser flexibility and its relllablllty as an absolutg spectral radiom-
pulse strikes an outer highdayer (Au or W) and creates a ©ter. Although the instrument only supplies modest spectral
pulse of soft x-rays that is mainly absorbed by an underlying€solution (\/éx~10-100, it can provide broadbandl0
ablation layer of low density hydrocarbdCH). The main A<A<150 A) measurements with time resolution. The trans-
fuel is minimally heated by this early emission. The pre_mission grating spectrometer fills an intermediate position
heated foam layer should experience reduced Rayleighbetween a high spectral resolutio/oA>1000, time-
Taylor instability during compression and the initially low integrating grazing-incidence spectrometer and a low spec-
temperature of the main fuel improves the compression effitral resolution(A/6A<.5), time resolving set of calibrated fil-
ciency. One-dimensionallD) simulations of these direct tered diodes already in use at the Nike facility.

drive implosiong(with laser zoomingpredict pellet gains of The two transmission grating spectrometers installed at
100 or morée One of the major aims of the present researchNike laser are distinguished from previous instruments by
is to benchmark the radiation part of the radiation hydrody-the incorporation of three independent detection systems.
namics code by measuring the absolute intensity radiated i@ne spectrometer uses a combination of a Si photodiode
controlled experiments. To this aim, two transmission gratingarray and a charge-coupled devi€&CD) proximity-coupled
spectrometers have been installed at the Nike laser to recotd a phosphor scintillator while the adjacent spectrometer
the absolute intensity of soft x-rays from planar targets as ases a streak camera. The multiple systems are nearly along
function of time. This paper describes in detail the experithe same line of sight, so they provide complementary data
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Laser Beam through an assembly containing an adjustable entrance slit, a
\ Plasma transmission filter(free-standing Ti foll, and a gold trans-

e (“~~.;_:> Planar mission grating. One detector system is a soft x-ray streak

A Target camera and the other is a combination of Si photodiodes and

Transmission Grating Soft  ~Observation

a charge-coupled devid€CD) array coupled to a phosphor

Assembly X-rays  Direction scintillator. Although the spectra presented here are spatially
CCD and Photodiode integrated, spatially resolved spectra have been recorded by
AsRmh — positioning an aperture between the plasma and the spec-
li)tth O(r)dzr trometer.
raer H H
gt The CCD camera was proximity-coupled to a phosphor

Transmission Grating

Assaribly scintillator (gadolinium oxysulfide doped with terbiynio

convert the incident soft x-rays into visible light. While the
camera’s 524760 array of 48umXx48 um pixels provided
relatively detailed time-integrated spectra, the total sensitiv-
ity of the phosphor/CCD combination could not be readily
FIG. 1. The spectrometer contains two complete systems with identicand reliably calibrated to yield an absolute measurement.
transmission grating assemblies. Both systems view the target plasma gtha Sj photodiode array provided less spectral resolution
approximately 42 degrees relative to the target nortin@l, the path of the - AL
laser bearh One system uses a soft x-ray streak camera for detection Whiléhan the CCD, but C_OU|d er’V'de time reso_lved absolute
the other uses a combination of a CCD with a phosphor scintillator and afneasurements. The Si photodiode array consisted of ten pho-
array of Si photodiodes placed in front of the CCD/scintillator. An aperturetodiodes each approximately 1.014 mm wide and 1.014 mm
mask has been placed over the diode that also partially covers the CCD. Th[g" (0.054 mm separation between elemgmtas covered by
image of the apertures can be used to find the position of the diode arraé Kk with t 0.818 id d2.8 (tadl
relative to the undiffracted lighzero ordey of the transmission grating. mask with apertures U. mm wide an -6 MM )

tall enough to cast a shadow over the CCD, see Sethk
target radiation that enters the spectrometer slits is dispersed

for each laser shot. The CCD/phosphor combination provideBY the transmission grating and is incident on the CCD and
a time-integrated spectra with the full spectral resolution ofthe photodiodes. To avoid edge effects caused by the finite
the instrument. The Si photodiode array provides modedieight of the entrance slit, the diodes were aligned to be near
time resolution(~0.5 n9 with modest spectral resolution the central portion of the image of the entrance slit. A time-
(each diode covers-4.7 A) and an absolutely calibrated re- integrated spectrum from the target was recorded on the un-
sponsivity. The streak camera provides the same spectraPscured section of the CCD camera. In addition, the aper-
resolution as the CCD/phosphor combination with betteture mask leaves a shadow on the CCD image that provided
time resolution than the Si photodiodes50 p3. Lastly, an & means of locating the exact wavelength range seen by each
aperture mask has been aligned to the Si photodiodes andgéement in the Si photodiode array. Each photodiode was
designed to extend beyond the photodiodes to partially obconnected to a simple circuit that allowed the application of
scure the CCD. The resulting shadow on the CCD provide& reverse bias voltage of 90 V and the monitoring of the
an absolute position reference for the photodiodes relative tgiode current wit a 1 GHz band pass oscilloscope.

the time-integrated spectrum. The CCD image can then be The X-ray streak camera system consisted of a streak
used to determine the wavelength coverage of each photoditbe whose output was intensified by a microchannel plate
ode after every laser shot. The combined diode array andMCP) intensifier which was lens-coupled to a CCD camera.
mask structure can be easily moved along the dispersion dithe streak camera used one of two types of photocathodes.
rection so the diodes can monitor a variety of wavelengthsThe more sensitive photocathode comprised a 300 A thick Ti
In short, these two instruments provide absolutely calibratedgrounding layer, a 1000 A thick plastit.exan support sub-
time resolved emission measurements with over accuratef§trate, and a-1200 A thick photoemissive layeKBr) for

defined wavelength regions with modest spectral resolutio@hotoelectron production. A more robust, although less sen-
and redundancy for internal consistency checks. sitive, photocathode composed of 1000 A thick Au was also

In Sec. Il of this paper, the layout of the transmissionused. Since the entrance slit of the streak camera was 200

grating spectrometer is discussed in detail. Section Ill pre#m wide, a time resolution better than 50 ps was achieved.
sents the step required to derive the absolute intensity of softhe streak camera system was aligned such that the trans-
x-rays recorded by the spectrometer. Section IV briefly premission grating zero order fell outside the entrance slit of the
sents the typical data from the spectrometer while Sec. \gamera. This alignment prevented distortion of the streak

discusses the comparison between the measurements and g&nera image due to large signals due to undiffracted light.
theoretical results. The key optical element in each system within the spec-

trometer was a 2500 lines/mm gold transmission grating.

This type of grating is comprised of an array of fine uni-

formly spaced, parallel gold bars supported by coarser gold
Figure 1 shows the main components of the transmissiomeshes. Advantages in this type of grating include the ease

grating spectrometer. The spectrometer is comprised of twand reliability of its calibration as well as their simple dis-

independent but similar instruments. In each, radiation fronpersive properties. The plate factafN/ 6x) for the normal

the target plasma reaches a detector system after passimgidence arrangement depends linearly on the grating period

/// K
1st Orde/ 7

Oth Order

Streak Camera

Il. EXPERIMENTAL PROCEDURE
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(d) and diffraction order i) and inversely to the grating- the entrance slit represents an integral of the radiance over
detector separatiorn)), i.e., SN/ dx~md/D. The expected the emission region from the spectrometer’s narrow field of
full width at half maximum(FWHM) for a transmission grat- view about a 42° line of sight from the target normal. The
ing spectrometer can be estimated from a simple formula: measurement determines the average value of the radiance,
d(S+W.  dW, L, for the field of view and the area of the slit. The spatial
= s, s (1) and angular dependencies will be further discussed in Sec. V

R D as part of the comparison between the experimental and the-
oretical results for the emission.

The large distance of the spectrometer from the target
(~1203 mm and the small size of the target plasifral

whereSis the diameter of the sourcB,is the distance from
the source to the entrance sl is the width of the entrance
slit. Although the grating period4000 A/period and en- . .
trance slit width(60 wm) were the same for both spectrom- mm) and photod|odé~1 ”?m) allow the above integrals to
eters, the source-grating and grating-detector distances fgle approximated. The solid angle of the source at the spec-
the streak cameraR=1500 mm,D=700 mn) and the trometer,qgsourcecan be taken as the prOJected'area of the
CCD/photodiode arraysR=1206 mm,D = 688.7 mm were source divided by the square of the source-slit separation

H N o~ o 2
slightly different. The instrumental resolution at the CCD distance, A_QSOWC‘EN(COS(GV'EW 42 )AASOU’CQ/R ’ _The
array is~3.03 A when the nominal laser spot diametg) s~ SCUrce areais assumed to be determined by the diameter of

~ 2 i i -
750 um. The spectrometers’ resolution in our case is domi-f[he laser focal Spos5, [ AAsourcs~ 7(S/2)"]. Previous imag

nated by the first term of Eq1l)—the spectral resolution is ing of the soft x-ray emission using a multilayer telescope

source size limited. Note, for the above arrangement, thgﬁdmated that the size of the emission region is comparable

plate factor indicates that each masked dig@e818 mm to the _Iaser focal spdf. The collection area of the slit
wide) covers a spectral range of4.7 A, slightly larger than (dAgjy) is Faken Fo be the pro<_juct of thg Slit widthi) and.
the expected instrumental width. the; effective helght of the slitHg;). Since the actual §I|t
The transmission grating spectrometers were installed oﬁs'ght (7.6 mm is much grt_aater 'Fhan that of the d'Od.e
a port that was at an angle of 42° from the target normal. ThéHuiode= 1.014 mm, the effective height of the entrance slit
dispersion direction for both spectrometers was primarily in> determined by the height of the diode translated to the

a vertical orientation. One to ten beams of the Nike |ase}ocat|on of the slit, i.e.Hsjr~Hgioad R/(R+D)] whereR is

were used for the shots with a typical energy of 20_40&gain the target-slit separation distance dhds the slit-
Jlbeam, a pulse duration of 4 ns, and a focal spot sizgiOde distance. The response function for the spectrometer is
(FWHM') of ranging from 75Qum to 1;500Mm The prepulse given by the product of the transmission factor for the filter
(foot) intensity was typically less than 2% that of the main ( iter). the diffraction efficiency of the gratingefraing . the
pulse. The power density on target ranged from 1B to diode responsivity dgi0q9, @nd the resistance of the scope

2x 10" W cm 2. Planar targets of CH and Au of varying Lermination’Rscope: 50 Q). The approximate form of Ed3)
thickness(from 12.5 to 100um) were irradiated. ecomes

COS eview) 2
ll. SYSTEM CHARACTERIZATION V=~ RscopeT m(SI2)?WeH4

R+D
The data analysis for the spectrometer described in Sec.

| must take into account the various components of the sys- 1

tem. The dispersed radiation that reache_fthe Si photodio)ées Xf LOWD Tier(%) €graind M paioad M DY AN. - (3)

represents the total number of photons incident on the en-

trance slit of the spectrometer, transmitted through the T

filter, diffracted by the grating onto the collection area of the

diode, and converted into current within the diode. A radio-

metric expression for this measurement begins with the basi

equation®®

here geometric factors, treated as wavelength independent,

ave been moved outside the integral. The transmission filter
and grating should not influence the time response of the
i@strument to the incoming radiation.

For the filter transmission, grating efficiency, and diode
responsivity in Eq.(3), a calibration effort was required.
V:f f f L(%.y.2,0.0 1) G(X.Y.2, 0,0 0.1 Each component of the spectrometer has been characterized

AR A at the X24C beamline of the National Synchrotron Light
<dQ dAy, d\ @ Sou_rce at B_rookhaven_NationaI Laboratory. This beamline is
source X st = equipped with a scanning monochromator capable of a spec-
whereV is the voltage measured at the diodleis the radi- tral resolving power of~1000 over an energy range of 5 eV
ance of the targetW cm 2A 1ster?), G is the response to 1 keV!’ The Ti transmission filter, the Au transmission
function for the spectrometer, and the variables of integratiomrating, and the Si photodiode array were each studied in
have their normal definitions as solid angle of source at thaimilar manner. A NIST-calibrated reference photodiode
slit, collection area of the slit, and wavelength coverage oftype AXUV-100G from International Radiation Detectors
the detector element. The radiance and the response fun@RD)] was used to measure the soft x-ray flux passed by the
tions can depend on spatial coordinatesy(z), observation monochromator at a chosen energy and compared to similar
angles @,¢), wavelength(\), and time ). Since the spec- results with the test component inserted into the light path.
trometer lacks spatial resolution, the radiation collected aFor the transmission filter and transmission grating, the mea-
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80T ' ] A and 31.0 A that are due to the residual presence of carbon
and nitrogen contaminants. The best match between theory
and experiment assumed a 2600 A thick free-standing Ti foil
with a thin 50 A contamination layer of C on each surface.
! The filter transmits the desired radiation with wavelength
. above the TiL edge at 27.2 A and attenuates shorter wave-
] length radiation that would appear in higher diffraction or-
ders at the same detector position as the desired radiation.
~ ] From previous measurements of W and Au spectra, it was
-] known that radiation in the short wavelength region can be
0 R : ' significant and, if the transmission grating passes higher dif-
0 =0 40 80 80 fraction orders, the long wavelength data can be compro-
Wavelength (4) . S
mised by the shorter wavelength radiation.
6E . . . Figure 2b) presents the calibration of the transmission
h grating. This graph was produced by recording two measure-
5 i 3 EPO ¢ e ments at each wavelength of interest. The first measurement
E th order 3 . . . .
g was the reference diode current without the diffraction grat-
4 E ing placed in the path of the monochromator beam. The sec-
g /= 1st order E ond measurement was obtained by swinging the reference
f : £k i ;i detector in an arc about the centerline of the transmission
P E grating to observe the variation in diode current with diffrac-
tion angle. The ratio of these two measuremdptsrected
1f Higher orders E for changes in the synchrotron beam curyeyielded the
0 $ H dependence of efficiency on transmission angle. The peaks in
‘ ‘ ‘ this curve were then fit with Gaussian functions. The peak
20 30 40 50 60 . i SR
Wavelength (A) values for the Gaussian yielded the values plotted in Fig.
2(b). The diffraction efficiency of the transmission grating
' L was not found to depend on the region of the grating that was
I s 00000 ] illuminated by the 1 mfmonochromator beam. An impor-
12+ - tant result apparent in Fig.(1® is that the first order trans-

I ] mission efficiency dominates that of the higher diffraction
orders. If all the diffraction orders are taken into account,
then the total fraction of light transmitted by the grating is
~12% for the wavelengths shown. This value is largely de-
termined by the fraction of the transmission grating surface
. unobscured by the gold bars of the transmission grating and
3r . the support meshes. These observations show that the trans-
| ] mission grating has approximately constant diffraction effi-

0 | . w ‘ ciency over the 4.7 A wavelength range covered by a single
20 30 40 50 60 70 diode.
(©) Wavelength (A) The measurements for the Si photodiodes were done in
FIG. 2. The measurement of absolute intensity requires the calibration of thmuc?h the manner as the previous two Ca“br.atlons with some
tran'sn;ission filter, the transmission grating, and Si photodiode. @gart %‘ddltlonal :s_teps taken tC.) further ensure reliable Vajlues' The
compares the measured transmission efficiency of the titanium filter to @bovementioned photodiode arr@XUV-100G) used in the
theoretical curve that assumes a 2600 A thick layer of Ti with a 50 A layerexperiments is currently not compatible with the strict
of C (from contaminationon each surface. Pallt) compares the transmis- \acum requirements and scanning mechanisms in use at the
sion efﬁmer)cy of_varlous orders of the dlffractlon_gratlng toa model pasedx24c beamline. Consequently, measurements were made on
on scalar diffraction theory. Paft) presents the Si photodiode calibration. ’
a single 1 mradiode with identical size and constructi¢en
IRD model AXUV HS-5. This diode and the reference diode
surement used the same reference detector for both measuhad identical 0.79 mm diameter pinholes so that the same
ments. The calibration of the spectrometer’s photodiode rearea on each diode was illuminated. The relative response of
sponsivity was determined relative to the known responsivitythe two diodes demonstrated that the two agree to within
of the reference detector. ~5%. Both the reference AXUV HS-5 diode and the spec-
The calibration of the transmission filter and the trans-trometer's AXUV-100G diode array have been extensively
mission grating measured the percentage of light transmittedalibrated at other synchrotrofs?° Based on these calibra-
through the given component. The result for the Ti filter istions, the response expected for the photodiode array is
shown in Fig. 2a) with a calculation based on the data of shown in Fig. Zc).
Henke!® The Ti filter has strong wavelength dependence due A final concern is the expected time response of the di-
to theL edge in Ti at 27.2 A and has two small dips at 43.60des. During the calibrations described above, the reference

S ]
o] o
T —T

Transmission (%)

[A%]
(=]
I —

Efficiency (%)
w
\

Diode Response (V/W)
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diode is typically operated with no bias, and the diode cur- 80[
rent is recorded by a time-integrated electrometer. As a check
of this procedure, the electrometer was replaced with a fast
oscilloscope(1 GHz band pagsand a high gain amplifier
(G=794). The diode was reverse biased to 45 V to improve
its time response and the oscilloscope recorded the diode
current pulse due to the individual electron bunches of the
synchrotron beam.

The comparison to the usual time-integrated calibration

Intensity (counts)
N o
S S
‘ —

0
(=}
T

(for the same photon energy incident on the digdedased ol )
on the fraction of time that the diode is exposed to the radia- 0 6 12 18 24 30 36 42 48 54 60 66
tion. The synchrotron beam contairé,s=25 electron (@) Wavelength (A)

bunches periodically spaced @t io¢=19 ns. The diode

pulse from a single electron bunch had a duratiol gfise 300; S '

=2 ns(FWHM of observed diode signalThe 25 electron 250

bunches are followed by 5 “empty” bunches of total dura- li i

tion 95 ns. The entire pulse trailN{,,= 30 bunchespasses 5 2004

by the entrance of the X24C beamline every 570 ns. From i 15Of

these values for the pulse timing, the equivalent time- % :

integrated current result can be estimated from the magni- é 100¢

tude of the voltage pulse on the oscilloscopg (e~ 24 mV, T ol

Rscope~ 50 )): . . ]
I%(Vscop(.JG'Rscopé'(NpuIses/Ntotal)'(Tpulse/Tperiod) 0 6 12 18 24 30 36 42 48 54 60 66 72

) Wavelength (A)

~53 nA. (4)
i« 1ni FIG. 3. Spectra from CHa) are shown for two different laser power den-
The comparable electrometer result was 55 nA_‘ ThIS_ Indlsities. The upper solid curve in each plot presents the time-integrated CCD
cates that the current collected from the 1 fndiode in spectrum for a ten beam shot and the lower solid curve presents the CCD
pulsed mode is essentially equal to the current collected impectrum for a three beam shot. The dashed line in each figure shows the
the time-integrated mode. time-integrated spectrum from the streak camera for the same three beam

~ The results of the calibration enable further simplifica- 5og, e Strea ksgi':tfﬁrg}f;ﬂtéga&b;gnsL%wr:r?;"ﬁg dor comparison to
tion of the measurement equation from the form of E3). power densities with the same conventions(@s The pronounced dip in
Since the band pass of each diode is snialt.7 A), the intensity in the wavelength range from 24 to 27 A is due toltteige of the
variation in the filter, grating, and diode elements with wave-T! filter-

length is not important except near an absorption edge in the

transmission filter, e.g., near 27.2 A for the Ti filter. Equation

(4) can then be written as

cog Byiew)
V(t)~ Rscope%

diode results. In Fig. @), time-integrated spectra from the
CCD camera are shown for a CH target irradiated with a
laser power density of %8102 Wcm? and 15
X 10** W cm™2 Discrete lines are observed: thg andL
lines of the hydrogenlike carbon and tha?11s2p reso-

— nance line of the heliumlike carbon. Due to the 27.2 A cutoff
><Tfilter(7‘)'~‘grating(7‘)Pdiode()\v")f LOMOAN. (5 of the Ti filter, lines and free-bound continuum at shorter

wavelengths are not observed. It is also clear from these

The measured diode voltage will be interpreted as the Spe%’pectra that radiation from the second diffraction order of the

tral radiance integrated over the field of view and over the .. P : :
rating is not significant. The apparently large signal in the
wavelength band pass of the photodiode. Although the syn? 9 g PP y large sig

o _ ree-bound continuum below the filter edge has been shown
chrotron measurements indicate that the time dependence

: 10 be due to the combination of the low instrumental resolu-
the diode response should not affect the results strongly, thig,, a4 the increased transmission efficiency of the diffrac-

assumption will be checked by comparing the relative timetion gratings®! Finally the linewidths FWHM) are 3.1 A for
histories of the streak camera signal and the photodiode siqhe CCD spectra, in good agreement with Et. Sample

nal. For_ the experiments present_ed_ in this paper, a large reﬁ"me—integrated Au spectra are shown in Figh)3 These
verse blai{QO V) was used to maximize the time response Ofspectra do not show discrete lines but radiation from the N
the photodiodes. and O bands of Au. A sharp cutoff is seen due to the filter
edge. Although the sensitivity of the CCD is not calibrated,
as expected the high-targets radiate much more strongly
than the lowZ targets.

Because each diode sensed the soft x-ray flux fora 4.7 A Figure 4a) shows the complete set of diode data for a
wide spectral interval, preliminary presentations of time in-Au target irradiated with a laser power density of 1.6
tegrated spectra will help serve to orient the discussion of thex 102 W cm™2 plotted in units of absolute flux versus time

R+D

w(S/Z)ZWSHd(

IV. RESULTS
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FIG. 4. (@ Shows the calibrated radiation flux as a function of time as FIG. 5. Calibrated radiation flux as a function of time for a CH target at low
measured by each element of the photodiode array for a high laser powgsiser power density (6:010'2 W/cn?) is presented with the same conven-
(1.6x 10" W/c?) shot with an Au target. The graph shows time along the tions as Fig. 4. The comparison of the diode signal, laser pulse, and streak
abscissa and signal along the ordinate. The central wavelength for easfamera response ib) is for the fifth photodiode at 34.1 A. The comparison
diode is indicated above the respective time history. The diode signals havef the photodiode and streak camera signals shows that radiation persists for
not been corrected for the Ti filter transmissidh) Compares the time  a significant time after the main laser pulse.

response of the photodiode centered at 3.4&d\id line) to the laser pulse

shape(dashed ling and the streak camer@ot-dashed line The streak

camera signal was binned over the wavelength range of the photodiode. All . 2 _o .
three signals were renormalized to facilitate comparison. a laser power density of 4:310"* W cm 2. In Fig. §b), a

comparison of the streak camera, Si photodiode, and laser
pulse shape is made for diode centered at 32.2 A. The streak
camera and diode signal show a strong correlation for the
. L . ) . . duration of the laser pulse but show significant flux long
this plot, time is along the abscissa and diode signal is alongfter the end of the laser pulse. The relatively slow rate of

the ordinate. _The diodes have been ordered N INCTEAsING, - ombination for CH targets after the end of the laser pulse
wavelength with the central wavelength of each diode showrl]1as been a long known phenomeridit will be the topic of

f"‘b9ve the correspon(_jlng time h|stor_y. Averiical dashed_lm% separate paper since the current work focuses on data rel-
indicates the separation of the abscissa between the adjace

n . : .
diode channels. The relative magnitude is clearly affected be\}ant_to the I_aser_-matter_ mteractlons_ pertinent o target com-
. L . ression for inertial confinement fusion.

the wavelength dependence of the Ti transmission filter. Th
intensity distribution for the diodes is consistent with the
time-integrated spectrum from the CCD with the lower spec-v' DISCUSSION
tral resolution of the diodes is taken into account. For this  Although this paper primarily focuses on the experimen-
shot, the diodes were positioned such that diodes 5 throught8l results from the absolutely calibrated spectrometer, a brief
were located at wavelengths above the filter cutoff. Thedescription of the theoretical effort and preliminary compari-
streak camera and diode data show similar time historieson to simulation results are included in this section for com-
Figure 4b) compares the data taken from the diode centereghleteness. A more elaborate model, and more detailed con-
at 34.1 A of Au with the corresponding streak dééammed  clusions, will be described in another paper. The model
over the wavelength range of the digdand the laser pulse describes emission from a supposed planar target irradiated
shape. The streak camera data and the laser pulse shape wiyehe experimental laser intensity according to a 1D version
renormalized to match the peak of the diode data. The threef the FAST code developed at NRt3?* FasT provides a
signals show strong correlation. This result shows that thenultidimensional treatment of hydrodynamics and radiation
plasma formation and recombination occur rapidly with thetransport, primarily for the target physics relevant to inertial
application or cessation of laser energy. The time response @bnfinement fusion. Detailed discussions of #sT code
the photodiodes is adequate for the experiment. have been previously published with successful comparison

Figure 5 presents a similar set of data for a CH target, ato hydrodynamic experiments such as growth of the

but without the correction for the Ti transmission filter. In
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Rayleigh—Taylor instability® Since the present paper is con-
cerned with the radiation, the discussion will be limited to
that aspect of the code. The radiation transport package uses
a multigroup diffusion model with a variable Eddington fac-

Flux density (W cm™)

tor. The necessary opacities are based upon Busquet’s non- 3\b£am .
local thermal equilibrium (NLTE) model (RADIOM)?® 1010 :
which estimates the required values from results calculated

for local thermodynamic equilibriunfLTE), but at an effec- 10°1;

tive ionization temperaturé,. An algorithm to evaluaté@,, 10 20 30 40 50 60
as a function of the electron temperature, density, and radia- Wavelength (&)
tion field, for each plasma cell, at each time step has been

e

introduced inFAST.2® The LTE opacities are computed with « 10!2

the super transition arra§8TA) model?”28 which was suc- 5

cessfully compared to experimental LTE opacifi#én aux- & 1pl!

iliary code (Mix) is used for generating tables of Rosseland e

and Planck opacities for arbitrary photon groups and mix- @ 010

tures of elements. These tables are loaded m®r. The <

present simulations used 98 groups, several of them around o o S
carbon resonance lines. = 10

Let us note that comparisons of theoretical with experi- 10 20w 3? t4h0 ) 50 60
. . . avelen
mental absolute emission are rare, because the two sides are (b) &
equally difficult to {iccess. On the experimental SIC!e, In thq:IG. 6. Comparisons of time-integrated results from theory and experiment
present case, two issues need to be addressed. First, the ar-shown for Au@ and CH(b). The solid lines represent the theoretical
gular and spatial distribution of radiation is problematic Spectgal energy density fgr higflz laser power densithu: 1.6
since the one-dimensional simulations do not provide sucli101 Wem™ CH: 1.7x10° Wem™) and the dashed lines represent
ltidli . li . he si lati ield | the theoretical spectra at low laser power dengity: 6.4x 102 W cm™2;
multi imensiona information. The simulations yield a value o g gx 1012 W cm 3. The symbols on the plots represent the time-
for the exitance from the target plasma along the target nofintegrated energy flux density measured by several of the Si photodiodes.
mal[Mgn(\) in W cm 2 A~1] while the measurement equa- The filled squares are to be compared to the higher laser power déresity
tion developed in Sec. Il needs the target radiation SO"S line$ and thﬁ f"c'fdhc':j""l“’.s arfr’hto bhe Com_palred to theh'oweg'aser
72A71 _ 1 d f h d ., f |d f power ensn_y(l.e., the _as e |n(}:s e t‘eor(_etlca curves ave_ een
(Wcm ster ) averaged for the diagnostic’s field of convolved wih a 3 A wide (FWHM) Gaussian instrumental function to
view, a view that is well separated from the target normal facilitate comparison.

The target radiation has been assumed to be emitted isotro-
pically from a uniform disk with diameter equal to that of the

laser focal spot. The average radiance in &L, will then tion package in theAasT code. With these caveats in mind,

be given byM Sim()‘)/ kh Secpnd, two effects of the mode;t we can compare time integrated experimental data with the
spectral resolution for the instrument need to be taken iNQmulations.

account. The theoretical spectrum must be convolved with a Figure 8a) compares the diode data with time integrated

Gaussian function with a 3.03 A FWHM to account for the spectra produced by the codes for a Au target irradiated with
finite width of the entrance slitsee Secs. Il and IV The 5 |aser power density of 54102 W cm™2 (three beams
finite width of the diodes must also be accounted for bysnq 2. 0¢ 10 W em—2 (ten beam)s These simulated spectra
calculating the integral of the simulated intensity over thegre shown as dashed and solid lines, respectively. Since each
wavelength range of each diode as was indicated inBd.  gjode signal represents the total flux over a 4.7 A region, the
On the theory side, the approximations are numerousmeasured valueffilled circles and squargsare shown as
the target is assumed to remain 1D planar throughout thgiscrete points in Fig. 6. The circles correspond a lower laser
laser pulse, the edge effects being neglected, the radiatiqfradiance (6.4 102 W cm 2 while the squares corre-
transport is based on the diffusion approximation, and, imspond to the higher irradiance (X@0° W cm ). Both
portantly, Busquet's model is only approximate. The modekhe simulated and measured values represent the flux density
is less reliable for emissivity than for absorptibmecause averaged from 1.5 to 2.0 ns during the laser pulse. The ex-
the non-LTE effects are subsumed in one parameter, the iofyerimental results for the Au targets are in good overall
ization temperaturd,. The individual emitting atomic lev- agreement with the theoretical values in that the ratio is be-
els are supposed to follow a Boltzmann population distributween 1.1 and 2.8 for the three beam case and between 2.3
tion atT,. For instance, the incident radiation field changesand 4.1 for the ten beam case. Diodes at wavelengths below
only the overall charge distribution, but does not influencethe filter edge are not shown since the filter calibration did
the population of the emitting levels. This is because thenot extend below 25 A. The diode centered at 27.9 A has
present simulations do not involve post-processing, wheréarger error than the other diodes due to thedge of the Ti
the atomic physics is solved taking into account the temperéfilter. If the dominant errors are due to the geometric factors
ture, density, and radiation field and does not follow the timeand the component calibrations, then the measurements are
history and spatial dependence. The latter point is deliberateccurate to approximately 25%.

since the aim of the present comparison is to test the radia-
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A similar comparison is shown in Fig.(l§) for CH tar-  solved data from the diodes showed that the soft x-ray radia-
gets irradiated with laser power densities 6.0tion was well correlated to the laser pulse. The time-
X102 Wem 2 (circles and 1. 10 W cm ™2 (squares  integrated results from the CH targets showed a discrepancy
for consistency with the Au experiments. The laser irradi-between the experiment and theory. The predicted values
ances for the simulations are &102> Wcm 2 (dashed were higher than the experimental values by a factor between
line) and 2.0<10"® W cm 2 (solid line). The data were 5 and 8. The time resolved data from the CH targets also
again averaged over the period from 1.5 to 2.0 ns. This timéndicate emissions after the laser pulse that has not been
range excludes the weaker late-time emission as illustrated iimcorporated into the theoretical predictions. This discrep-
Fig. 5(b), that is not treated by the 1D modeling of the laser-ancy may be explained in part by edge effects, and in part by
plasma interaction. The ratio of theory to experiment showshe inaccuracy of the non-LTE model. We plan to implement
the theory is agaifaway from the filter edgehigher by a  a better modét*2in the near future.
factor ~5.3 for the three beam case and between 4.5 and 7.8
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